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ABSTRACT
A study has been made o f  the e f f e c t  o f  heat  
t r e a t i n g  v a r ia b le s  on the mechanical p r o p e r t ie s  o f  mar­
tens i t  ic  b la c k p la t e .  By reducing the soaking time to  
less than i  second i t  has been poss ib le  to  produce u l t i ­
mate t e n s i l e  s t rengths  o f  200 KSI w i th  5% e lo n g a t io n  ( i n  
1") in 0 .1 2  carbon s te e l  and 165 KS! w i th  3.5% e lo n g a t io n  
( i n  1") in 0 .0 7  carbon s t e e l .  Th is  ga in  in s t re ng th  is 
assoc ia ted  w i th  a v e ry  f i n e  g ra in  s i z e .
The d u c t i l i t y  has been found to  va ry  d i r e c t l y  
w ith  s t re n g th  a f t e r  quenching and a f t e r  tempering. Austen*  
i t i z i n g  temperature was on ly  important when longer soaking  
times were used. Tempering, up to  300®C, o f  the stee l  
quenched a f t e r  short  soaking times r e s u l ts  in a loss o f  
both s t re n g th  and d u c t i l i t y .
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INTRODUCTION
The o b je c t iv e  o f  t h is  in v e s t ig a t io n  was to  
devise economical methods of  producing higher  s trengths  
w ith  adequate complementary p ro p er t ie s  in low carbon 
stee l  sheet .
Several poss ib le  s t re ngth ing  mechanisms 
present themselves: work hardening, s o l id  s o lu t io n
s t re ng then ing ,  small p a r t i c l e  s tre ng then ing ,  m a r te n s ! t i c  
hardening, and the production o f  a very  f i n e  g ra in  s iz e .
A l l  these mechanisms depend to  some ex ten t  on producing 
a s t ru c tu re  in which d is lo c a t io n s  are pinned by some 
sort  o f  b a r r i e r .  The e f fe c t iv e n e s s  o f  these obstac les  
depends on two pr imary c h a r a c t e r i s t i c s :  t h e i r  s t rength
and t h e i r  spacing.
Work hardening is a t  present used as a 
commercial s trengthen ing  mechanism. Higher s t rengths  
can be obta ined but the d u c t i l i t y  r a p id ly  f a l l s  o f f  as 
high s t rength  le v e ls  are reached. For some a p p l ic a t io n s  
t h is  is ac cep tab le :  t i n p l a t e  w ith  less than 1% e lo ng at io n  
in two inches can be formed (but m a r g in a l ly )  in to  con­
t a i n e r s .  However, the combination o f  mechanical p ro p e r t ie s  
obtained by co ld-work ing is not ou ts tand ing .
The a d d i t io n  o f  t race  amounts o f  some 
elements can produce large increases in s t re n g th .  In 
p a r t i c u l a r  carbon, n i t rogen  and phosphorus are  to  be 
considered. These are  present in a l l  s t e e l s ,  but the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
presence o f  l a r g e r  amounts is considered de tr im e n ta l  
f o r  va r ious  reasons by users ,  and p a r t i c u l a r l y  by the 
t i n  can in dus try .
Fine p a r t i c le s ,  introduced e i t h e r  through a 
p r e c i p i t a t i o n  process or by in te n t io n a l  a d d i t io n  o f  some 
m ate r ia l  in a " e r y  f i n e l y  d iv id e d  s ta te ,  w i l l  pin d i s l o c ­
a t io n s .  The p r e c i p i t a t i o n  process, i f  a s u i t a b l e  system 
fo r  p r e c i p i t a t i o n  to  take p lace could be found, would 
be ve ry  d e s i r a b le .  U n fo r tu n a te ly ,  no such economic system,  
at  le a s t  in la rge  tonnages, has been found. Several th a t  
might be poss ib le  are  n i t ro g e n  w ith  aluminum or vanadium, 
carbon w i th  niobium. In the case o f  aluminum, t h i s  
implies a k i l l e d  s te e l  which in i t s e l f ,  is more c o s t ly  
due to  production problems and higher  scrap loss.  Van­
adium a t  the present time is in very  short  supply and 
th e r e fo re  u n a t t r a c t i v e .  Niobium is a t  present under 
study! A l l  these systems r e s u l t  in a p r e c i p i t a t e  which 
is present in a v e ry  f i n e  form and is as soc ia ted  w ith  
f i n e  f e r r i t i c  g ra in  s,ize. The f i n e  g ra in  s i z e  may in 
i t s e l f  be the major s t rengthen ing  mechanism. The add­
i t i o n  o f  f i n e  p a r t i c l e s ,  as in TO n i c k e l ,  would also  
lead to a s t rengthen ing;  but ag a in ,  such a process ap­
pears to  be too expensive to  consider f o r  high tonnage 
items a t  p resent .
The production o f  m a r te n s i te  is a common 
strengthen ing  mechanism in h igher  carbon s t e e l s .  I t
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was once b e l ie v e d  t h a t  the product ion  o f  m a r te n s i te  in 
low carbon s tee l  was impossible due to  the in h e re n t ly  
low hard enab i1 i t y ;  but when the th ickness o f  the sheet 
is taken in to  c o n s id e r a t io n ,  m a r t e n s i t i c  s t ru c tu re s  
should be a t t a i n a b l e  by normal water  or  b r in e  quenching 
procedures.
I t  is g e n e r a l ly  accepted th a t  the s trength  
o f  m a r te n s i te  is due to  a combination o f  fo u r  f a c t o r s ;
(1 )  f i n e  s t r u c t u r e  (2 )  in te rn a l  s t re s s  in the u n i ts  r e ­
s u l t i n g  from the t ra n s fo rm a t io n  (3 )  i n t e r s t i t i a l  s o l id  
s o lu t io n  s t reng th en ing  (U) p r e c i p i t a t i o n  or  segregat ion  
o f  the carbon atoms--as ca rb id e s .  Although we cannot
expect low carbon m a r te n s i te  to  be as hard as higher
2
carbon m a t e r i a l , Bain and Paxton suggest t h a t  a DPH o f  
400 might be ob ta ined  from 0 . 1 2C m a t e r i a l .
A q u a n t i t a t i v e  r e l a t i o n s h i p  between s t rength
3
and g ra in  s iz e  o f  f e r r i t e  has been suggested by Hal l  
and Petch^
a = V + kl 2 Oy is the lower y i e l d  s t ress
y <T^  is the s t re s s  due to
the f r i c t i o n  w i t h in  a 
g r a in  on a moving d is lo c a t io n  
k is a constant
1 is the  g ra in  diameter
The equat ion  is based on the hypothesis  th a t  a d d i t io n a l
g ra in  boundaries c o n s t i t u t e  the  o n ly  change in the b a r r i e r s
to d i s lo c a t io n  movement w i th  a change in g ra in  s iz e .  This
r e l a t i o n s h i p  has been v e r i f i e d  many t im es .  Th is  a l l  r e fe rs
to  f e r r i t i c  g ra in  s iz e ;  and s ince t h i s  is d i f f i c u l t  or
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impossible to determine in m ic ro s t ru c tu re s  involv ing  
m a r te n s i te ,  b a i n i t e  or p e a r l i t e ,  i t  has become c u s t ­
omary to r e l a t e  the s t rength  to the p r io r  a u s te n i te  
g ra in  s i z e .  In the pas t ,  i n v e s t ig a t o r s ^ ’  ^ have shown 
th a t  g ra in  s iz e  has l i t t l e  e f f e c t  on s t rength  over the  
usual commercial range o f  g ra in  s iz e s .  This can be ex ­
p la ine d  however by the small change in 1 over  th is  
range o f  g ra in  s izes  (see f ig u r e  1 ) .
P r io r  a u s te n i te  g ra in  s iz e  is not a good 
measure o f  f e r r i t e  g ra in  s iz e  in an e v a lu a t io n  o f  marten­
s i t i c  s t rength  because there  is not a on e - to  -one c o r ­
respondence between a u s te n i te  gra ins  and m ar te n s i te  un i ts  
(assumed to  be the f e r r i t e  g ra in  in t h is  case ) .
The s t ru c tu re  o f  low carbon m ar ten s i te  may 
be described as long t h in  u n i ts  c o l le c t e d  in to  bundles.  
The u n i ts  are p a r a l l e l  In each bundle and the bundles 
are in small groups de f ined  by the p r i o r  a u s te n i te  g ra in  
boundaries. Thus g ra in  s iz e  in m a r te n s i te  is very much 
more complex than in polygonal s t r u c tu r e s .  Because o f  
the a c i c u l a r i t y  o f  the u n i ts  and t h e i r  combination into  
bundles we cannot even be sure what is a " f e r r i t e "  g ra in .  
The m a r te n s i t i c  m ic ro s t ru c tu re  th e r e fo r e  may not be 
capable o f  d e s c r ip t io n  in terms o f  the p r io r  a u s te n i te  
g ra in  s ize  or any o ther  g ra in  s ize  f o r  th a t  m a t te r .  I t  
might be thought th a t  the length o f  the p la te s  or needles  
would be a reasonable in d ic a t io n  o f  s i z e ,  but most o f
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the poss ib le  s l i p  planes in a m ar ten s i te  u n i t  are l im i t e d  
by the width ra th e r  than by the length o f  the u n i t ;  t h e r e ­
fo re  the w id th  is probably  a b e t t e r  c r i t e r i o n .
I t  is so much e a s ie r  to measure p r io r  aus­
t e n i t e  g ra in  s iz e  th a t  th is  w i l l  continue to  be used by
most o ther  in v e s t ig a to r s  and by us. Some j u s t i f i c a t i o n
7
f o r  t h i s  p r a c t ic e  is found in Zackay's  work, which in ­
d ica tes  th a t  th e re  is a n e a r ly  on e - to  one c o r r e la t io n  
between p r io r  a u s te n i te  g ra in  s iz e  and m a r te n s i te  u n i t  
length ( f i g u r e  2 ) .
8P h i l l i p s  has suggested th a t  a u s te n i te  g ra in  
ref inement on ly  a f fe c ts  the la rg e r  u n i ts  and in these 
u n i ts  the width is reduced a t  on ly  h a l f  the  ra te  the 
length is .  The f i n e r  h a l f  o f  the s t r u c tu r e  is r e l a t i v e ­
ly  u n a f fec ted  by changing the a u s te n i te  g ra in  s iz e .  Since 
the w ider u n i ts  w i l l  be weaker, cons ider ing  t h e i r  area ,  
the width  o f  these u n i ts  should be used in a Petch type 
equat ion.
9
Fussell  has found th a t  f o r  a f i v e  fo ld  
decrease in a u s te n i te  g ra in  s iz e  from 34 to  7 m a four  
fo ld  decrease was obtained in length and a th re e fo ld  
decrease in the w id th .  The e f f e c t  o f  ref inement in 
m arte n s i te  was one o f  c u t t in g  o f f  the h igher  end o f  the 
spectrum o f  s izes  ra th er  than o f  changing the mean of  
Gaussian d i s t r i b u t i o n - - w h i c h  is the e f f e c t  in a polygonal 
s t ru c tu re
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Since the p r i o r  a u s te n i te  boundaries are  ai 
included in a co n s id e ra t io n  o f  bundle boundaries,  g ra in  
s iz e  e f f e c t s  in m a r te n s i te  may be described e n t i r e l y  in 
terms o f  bundles and u n i t s .  Crussard^^ has th e r e fo r e  re ­
w r i t t e n  F e tch 's  f lo w  s t re ss  equat ion  fo r  m a r te n s i te  as
— 4- , _ — _L
1
where the symbols have the same meaning as in Fetch 's  
equat ion .  The constant k| is the in f lue nce  o f  g ra in  
s iz e ,  on the d e n s i ty  o f  d i s lo c a t io n  tang les  r e s u l t in g  from 
deformation ( th e  f i n e r  the g ra in  s iz e  the h igher  the  
d e n s i ty  o f  ta ng les  f o r  a given s t r a i n ) .  The constant k^ 
is r e la t e d  to  the number o f  d i s lo c a t io n  stored a t  the  
boundaries in the  process o f  t r a n s m i t t in g  s l i p  through  
them, w h i le  a is r e la t e d  to  the shape o f  the boundaries.  
These constants,though, cannot be a c c u ra te ly  determined  
and t h e r e f o r e  an accura te  assessment o f  the change in 
f low  s t re s s  due to  changes in m ic ro s t ru c tu re  cannot be 
a c c u ra te ly  made with  t h i s  equat ion .
K e l ly  and N u t t i n g ^  as well as e a r l i e r  
in v e s t ig a to r s  have found th a t  in low carbon s t e e ls  the  
m ar te n s i te  consisted  o f  s in g le  c ry s ta l  needles.  The 
absence of  tw inning in these needles is r e f l e c t e d
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in the Widmanstattan form o f  the carb ide  produced on 
tempering and the appearance o f  d is lo c a t io n s  in the  
needles.  Th is  c o ns t ra s ts  w ith  higher  carbon m ate r ia l  
in which m a r te n s i te  consis ts  o f  i n t e r n a l l y  twinned p la tes ,  
Two poss ib le  reasons were propounded f o r  the change in 
morphology w i th  carbon con ten t .  " F i r s t ,  the s tack ing  
f a u l t  energy o f  a u s te n i te  may increase w i th  carbon 
conten t .  This is co ns is te n t  w ith  the increase in r e l ­
a t i v e  numbers o f  i n t e r n a l l y  twinned p la te s  w i th  carbon 
co nten t .  On the o ther  hand, the change in morphology 
may be temperature  dependent. The autotempered p r e ­
c i p i t a t e  is never seen in the twinned m a r t e n s i t i c  p l a t e s ,  
suggesting t h a t  these p la te s  are  formed in the low temp­
e r a t u r e  p o r t io n  o f  the t ran s fo rm at ion  range. Since the 
proposed t ra n s fo rm a t io n  mechanism f o r  m a r t e n s i t i c  needles  
involves a r e l a t i v e l y  la rge  f i r s t  shear ( 1 9 . 5 ° )  i t  is 
poss ib le  th a t  t h i s  type o f  t ran s fo rm at ion  would be as­
s is te d  by the thermal motion o f  the atoms. Thus as the 
t ra n s fo rm a t io n  temperature range moves to  lower temper­
a tu re  w i th  an increase in carbon c o n te n t ,  the percentage  
o f  m a r te n s i te  needles w i l l  decrease u n t i l  is below 
a temperature a t  which the thermal motion is s u f f i c i e n t  
to  a id  the r e a c t io n .  Below t h is  temperature the marten­
s i t e  w i l l  be e n t i r e l y  in the form o f  p l a t e s . "
1 ?West b e l ie v es  th a t  a profus ion o f  l a t t i c e  
de fec ts  is present  in r a p id ly  r e a u s t e n t i t i z e d  s t ru c tu re s .
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These would increase the s trength  o f  the m a r ten s i te  i f  
they are quenched in.
Dube^^ has re c e n t ly  made a strong argument 
fa vor ing  the theory  th a t  the presence o f  high d i s lo c a ­
t io n  d e n s i t ie s  c o n tr ib u te s  a la rge  pa r t  o f  the s t r e n g t h  
o f  m ar ten s i te  by in t e r a c t in g  w ith  the s t ress  f i e l d s  
around the carbon a tom s--a t  l e a s t  in ve ry  low carbon 
m arte n s i te s .  Short soaking times might be expected to  
increase the d e n s i t y  o f  d is lo c a t io n s  and thereby might
increase the s t rength  in t h i s  way.
22
Cohen has shown th a t  the f lo w  stress  
v a r ie d  as the square root o f  carbon concentra t ion  in 
m ater ia l  in which aging had been prevented or was c o r ­
rected fo r  in subsequent computations. He has also  
shown th a t  aging can take  place even a t  -40°C in low 
carbon s t e e l s .  Short soaking times here might have an 
adverse e f f e c t  in t h a t ,  depending on p r io r  t re a tm e n t ,  
a l l  the Carbon may not get in to  s o lu t io n  w ith  short  
soaking t imes.  I f  such an e f f e c t  were very  s i g n i f i c a n t  
i t  might be moderated by a p r i o r  conventional quench--  
although t h is  may increase the a u s te n i te  g ra in  s ize  
compared to th a t  produced from a h e a v i ly  cold worked 
S t ruc ture .
M°Farland^^ has obtained the fo l lo w in g  
re s u l ts  by quenching s tee l  s i m i l a r  in composition 
to th a t  used in t h is  work.
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CARBON
CONTENT
%
. 10- .12 
. 0 6 - . 0 9
ULTIMATE
STRENGTH
KSI
180
165
YIELD
STRENGTH
KSI
140
125
ELONGATION 
% in 2"
3 .5
3 .6
The a u s t e n i t i z i n g  time is not s t a te d ,  but since the 
process involves a continuous heat t r e a t i n g  u n i t ,  
presumably i t  was shor t .
Grange^^ working w i th  a h igher  carbon a l l o y  
s te e l  (AI SI 8640) has developed two methods o f  pro­
ducing v e ry  small g ra in  s i z e .  One involves working  
the m a te r ia l  j u s t  above A^, The o th e r  method involves  
r e p e t i t i v e  short  a u s t e n i t i z i n g  trea tm e nts .  By these  
methods he has developed g ra in  s izes  to  ASTM 16, and 
as a r e s u l t  obta ined a gain o f  50 ,000psi  in y ie ld  
s t re n g th  over the va lue  o f  225»000psi obta ined by 
conventiona l  heat t r e a t i n g .
g
P h i l l i p s  has ob ta ined  an increase o f  10% 
in y i e l d  s t re n g th  and 5% in u l t im a t e  t e n s i l e  s trength  
by using a fo u r  second soaking time on 0.27C m a t e r i a l .
A gain o f  50% in u l t im a te  t e n s i l e  s t rength  
by m u l t i p l e  rap id  a u s t e n i t i z i n g  t rea tm ents ,  was 
in d ic a te d  in p r e l im in a r y  work a t  the U n iv e r s i t y  of  
A l b e r t a ! ^  This work was done on 0.4C a l l o y  s t e e l .
Changes in m ic ro s t ru c tu re  th a t  are too 
small to  observe under the l i g h t  microscope might
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be e lu c id a te d  by measurement o f  x - r a y  l i n e  w id ths .  The 
width  o f  d i f f r a c t i o n  l in e s  can be ascr ibed  to  th re e  pr imary  
causes. (1 )  Inheren t  w id th ,  due to  the experimental  set  
up (wavelength spread o f  the r a d i a t i o n  used, f i n i t e  width  
o f  the sample, misal ignment o f  the apparatus ,  mosaic s t r u c t ­
u r e ) .  ( 2 ) Thickness o f  the in d iv id u a l  c r y s ta l  1 i t e s - - t h e  
th in n e r  the c r y s t a l s  the w ider the peaks w i l l  be, (3 )  The 
presence o f  non-uniform s t r a i n  w i t h i n  the c r y s t a l .  The 
l a s t  two causes are d i f f i c u l t  to  separate  and th e r e fo r e  
the presence o f  l i n e  broadening on ly  in d ic a tes  th a t  one or  
the o th e r  is present unless a v e ry  c a re fu l  a n a ly s is  o f  
the data  is made. The f i r s t  cause presents no problem 
in th a t  i t  can be c o r re c ted  f o r  by using a standard  
specimen.
b l a c k p l a t e ’ ^
This name is a p p l ie d  to  s te e l  sheet which 
is normally  used f o r  the product ion  o f  t i n  p l a t e .  The 
name comes from the appearance o f  the sheet in e a r l i e r  
days when i t  was e n t i r e l y  processed by hot r o l l i n g ,  and 
as a r e s u l t  an oxide la y e r  was present  on the surface  
g iv in g  i t  a b lack c o lo u r .
Steel  f o r  the product ion  o f  b la c k p la t e  Is 
produced by e i t h e r  the bas ic  oxygen process or the open 
h e a r th .  Most o f  the s te e l  used is rimmed because o f  the  
b e t t e r  surface  f o r  r o l l i n g  and the lower co s t .  Normally ,
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f o r  the production o f  b la c k p la te  the hot r o l l e d  s t r i p  
is given a cold reduction o f  80-90%. This  can be con- 
v i e n t l y  be done on a f i v e  stand fo u r  high tandem m i l l  
or in sm al le r  operat ions  on reve rs ing  m i l l s .  Cold 
r o l l i n g  produces a hardened m a te r ia l  whose y i e l d  po in t  
and u l t im a t e  t e n s i l e  s t re ng th  are  ap prec iab le  higher  
than those o f  the o r ig in a l  m a t e r i a l ,  w i th  corresponding  
loss o f  duct i l i t y .
A f t e r  cold r o l l i n g ,  i t  is necessary to  
re s to re  some d u c t i l i t y  to the b la c k p la t e  so th a t  i t  may 
be p l a s t i c a l l y  deformed during subsequent shaping oper ­
a t io n s  such as can making. Hence some form o f  annealing  
is e s s e n t ia l  a t  t h i s  s tage.  The r e s u l t in g  mechanical 
p r o p e r t ie s  obta ined in a given s t r i p  w i l l  depend on type 
and c o nd i t ion s  o f  the annealing process.
Box o r  Batch Annealing
In t h i s  process the b la c k p la te  is us u a l ly  
heat t r e a t e d  in c o i l  form in a p r o t e c t iv e  atmosphere to  
prevent s c a l in g .  I t  has been found d e s i r a b le  to  anneal 
the c o i l  ( i n  batch furnaces) a t  1150 to  1250°F f o r  a p e r ­
iod o f  4 to  12 hours. A c le a r  b r ig h t  r e l a t i v e l y  oxide  
f r e e  c o i l  product can be obta ined i f  a d e ox id iz in g  gas 
is c i r c u l a t e d  around the c o i l  w h i le  the temperature is 
over 250°F.
Continuous Annealing
In t h is  process the f in is h e d  cold worked 
product is uncoi led and passed through a furnace in which
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i t  is heated to 1200°F in a p r o t e c t iv e  atmosphere. The 
b la c k p la te  moves through the furnace a t  speeds up to  
6000fpm. The cont inuously  annealed s t r i p  is in h e re n t ly  
s t i f f e r  than the box annealed s t r i p  because o f  the lack  
o f  time f o r  g ra in  growth to occur; but i t  s t i l l  possesses 
adequate d u c t i l i t y  to provide good f o r m a b i l i t y .
Batch ann ea l ing ,  w i th  i t s  longer soaking 
times and slower c o o l in g ,  produces a s tee l  th a t  is very  
d u c t i l e .  Low c a p i ta l  and o p era t in g  costs are a lso  char­
a c t e r i s t i c  o f  t h i s  process. The s i g n i f i c a n t  temperature  
grad ien ts  which occur in the c o i l s  o f  b la c k p la t e  during  
the heat t reatment  r e s u l t  in non-uniform mechanical 
p r o p e r t i e s .  Because the times requ ired  f o r  box annea l­
ing are  len g thy ,  la rge  tonnages o f  m a te r ia l  are t i e d  up 
in the box anneal ing p l a n t .  A lso ,  due to  the la rg e  amounts 
o f  metal heated (a c o i l  o f  b la c k p la te  weighs 7 “20 tons)  
the thermal cyc le  is ra th e r  i n f l e x i b l e .
In the continuous process more uniform  
mechanical p ro p e r t ie s  are r e a l i z e d ,  and a p p rec ia b ly  less 
stock is t i e d  up than in the batch anneal.  The condit ions  
o f  heat trea tment  are much more f l e x i b l e  since on ly  a 
small amount o f  the metal is heated a t  one t im e .
Due to  the short  du ra t io n  o f  the heat t r e a t ­
ment g iven ,  g ra in  growth does not occur.  Hence the very  
d u c t i l e  grades cannot be produced. On the o th er  hand, 
higher s trength  grades can be e a s i l y  produced, and th e re -
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by a th in n e r  b la c k p la te  can be used to  achieve equi~
] Av a le n t  s t re n g th .  I t  has been po inted  out by Murray 
th a t  by v a ry in g  the f i n a l  annea l ing process, there  is 
a p o s s i b i l i t y  o f  producing from the same c o l d - r o l l e d  
low carbon s te e l  sheet ,  f in is h e d  products w i th  a wide 
v a r i e t y  o f  mechanical p r o p e r t ie s .
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EXPERIMENTAL PROCEDURE
The best means o f  developing h igher  s t rength  
appeared to be through the production o f  a f i n e  grained  
martens 1 t e .  Since previous r e s u l t s ^ ^ ’ ^^ had in d ica ted  
th a t  short  soaking times would produce t h i s  f i n e  grained  
m a r te n s i te  in h igher  carbon s t e e l s ,  i t  was decided to  
in v e s t ig a te ,  in low carbon s tee l  sh e e t ,  the e f f e c t  o f  
the f o l lo w in g  v a r i a b l e s ;  soaking t im e ,  soaking temper­
a t u r e ,  p r i o r  s t r u c t u r e ,  carbon c o n te n t ,  tempering time  
and tempering tem perature .  "Short"  soaking times w i l l  
here be those o f  less than one second d u ra t io n  w h i le  
"long" soaking times w i l l  be those over  twenty seconds. 
Rapid heat t r e a t i n g  w i l l  r e f e r  to  a process in vo lv ing  
f a s t  i n i t i a l  h e a t in g ,  short  soaking t im e ,  and then a 
f a s t  quench.
The apparatus shown in f i g u r e  5 was b u i l t  
f o r  the in v e s t ig a t io n .  S e l f - r e s i s t a n c e  heat ing  was 
used--due to  the ease o f  contro l  and the f a s t  heat ing  
ra te s  o b t a i n a b le .  The power is v a r ie d  to  contro l  
the h e a t in g  ra te  and the soaking tem pera tu re .  A t y p i ­
cal heat t r e a t i n g  cyc le  involves hea t in g  a t  about 
1000°C/sec.  to  the des ired  soaking tem pera ture ,  h o ld ­
ing is o th e rm a l ly  f o r  the des ired  t ime and then quench­
ing a t  over 2000°C/sec.  The problem o f  o b ta in in g  
re p ro d u c ib le  heat t r e a t i n g  cycles led to the i n v e s t i ­
g a t io n  o f  two experimental  techn iques:  manual and
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timed c o n t r o l ,  and complete e l e c t r o n i c  c o n t r o l .
Manual Control
E a r ly  experiments employed a t im er  {manually 
s e t )  to  contro l  the length  o f  the i n i t i a l  heat ing and 
thereby the temperature reached, and then manual control  
o f  the soaking temperature w i th  r e s i s t o r  2 ( f i g u r e  4 ) .  
This  was not complete ly  s a t i s f a c t o r y  in th a t  small f l u c t ­
ua t ions  in the re s is tan ce  o f  the c i r c u i t  resu l ted  in 
la rg e  v a r i a t i o n s  in the temperature reached on heat ing.  
Manual contro l  o f  the temperature a f t e r  at ta inment of  
hold ing temperature was more s a t i s f a c t o r y  but s t i l l  
not id e a l ,  s ince i t  was subject  to  human e r r o r .
A l l  specimens from sheets 1326? and 18439 
were heat t r e a te d  manually .  As is discussed l a t e r ,  
t h i s  led to f a i r l y  la rge  errors,*  th e r e fo re  a change 
was made to the fo l lo w in g  system.
E le c t r o n ic  Control
Switches were placed on the balance wheel 
o f  a recorder used to measure temperature sensed by 
a th erm o tr io  (described in the next s e c t io n ) .  The 
c i r c u i t r y  was arranged to  provide th ree  separa te ly  
c o n t r o l le d  power sources, which w i l l  be c a l le d  "prim-  
aryV 'ho l  d i ng" and "booster'.' One switch c o n tro l le d  
the primary heat ing  c i r c u i t ,  which supplies the energy
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f o r  the i n i t i a l  h e a t in g .  This switch had to be set  
to  tu rn  o f f  the primary power about one hundred degrees 
under the des ired  temperature due to  the lag in the 
system ( t im e  to close r e la y s ,  a rc in g  across c o n ta c ts ,  
e t c . ) .  The o ther  two switches act  as lower and upper 
l i m i t s  f o r  soaking temperature .
Operation o f  the apparatus is as fo l lo w s .  
Upon c lo s in g  the s t a r t i n g  switch ( f i g u r e  4) the t im er  
s t a r t s  running and both the pr imary and the holding  
power switch on. When the temperature corresponding  
to  the s e t t i n g  o f  the f i r s t  switch is reached, the  
primary power switches o f f .  The temperature continues  
to  r is e  (because the holding power is s t i l l  s u pp l ied )  
and upon reaching the preset  lower temperature l i m i t  
the booster  power turns on ( t h i s  power keeps the temp­
e r a t u r e  above the lower l i m i t )  and stays on u n t i l  
the t h i r d  switch is t r ip p e d .  I f  the temperature again  
f a l l s  to the leve l  preset  by the second switch the 
booster  power cuts in aga in .  The th re e  powers are  
appoximately in the r a t io s  1000 -100 -2 .  Normally ,  
the second and t h i r d  switches are  set  ten degrees 
ce n t ig ra d e  below and above the d e s ired  soaking temp­
e r a t u r e  r e s p e c t iv e ly .  A f t e r  the d e s ired  time (as set  
on the t im e r )  has e lapsed ,  a l l  power is turned o f f  
and a so lenoid  is a c t iv a te d  which a l lows the sample 
to f a l l  in to  f lo w ing  w ate r .  The water  Is contained
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in a bath w i th  t h i r t y  sprays on each s ide  o f  the sample, 
placed pe rp end icu la r  to  and one h a l f  inch from the  
sample.
Temper !ng
Samples which were to  be tempered were 
suspended in an o rga n ic  bath to  which a t o t a l  r e f lu x  
condenser was a t ta c h e d .  This enabled the des ired  temp­
e r a t u r e  to  be m ain ta ined  w i t h in  t 0 .5 ^ C .  The baths  
used were as fo l lo w s .
Desired  Temperature Actual Temperature F lu id  
100°C 98 .5 °C  Propanol
200°C 1980C Ethylene Glycol
300°C 290°C G ly ce r in
Therm otr io
The conventional thermocouple cannot be 
used to  measure the temperature o f  the specimen because 
o f  the v o l ta g e  drop across the j u n c t i o n - - d u e  to the  
heat in g  c u r re n t  f lo w in g  through the sample. Duwez^^ 
suggested the use o f  th re e  w ires  to  overcome t h is  
problem. The th ree  w ires  ( i n  our case a lumel-chrome1- 
alum el)  are welded on the sample in a c lose row ( f i g u r e  
1 0 ) ,  the two o u ts id e  w ires  being i d e n t i c a l .  Any com­
b i n a t io n  usable as a thermocouple could be employed.
A v a r i a b l e  p o te n t io m e te r ,  placed across the ou ts ide
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w ir e s ,  is ad justed  u n t i l  no jump can be observed in 
the output o f  the th e rm o tr io  when a p o t e n t ia l  is 
a p p l ie d  across the sample.
T e n s i le  Specimen Prepara t ion
T e n s i le  specimens were prepared to  ASTM 
E8 ( h a l f  s i z e )  w ith  a one inch gage le n g th ,  a width  
o f  0 . 250% . 0 1 0 ,  and a th ickness  o f  O.O5O to O.O8 O'.' 
They were i n i t i a l l y  shaped by punching them from the  
heat t r e a t e d  s t r i p  w ith  a d ie  ( f i g u r e  6 ) .  Due to  
the high s t re ng th  o f  the m a te r ia l  i t  was necessary to  
use n e ga t ive  c learan ce ,  and even so the edges were not 
s a t i s f a c t o r y .  Due to  warpage o f  the  specimens from 
heat t reatment,  f u r t h e r  d i s t o r t i o n  occurred during the  
punching, r e s u l t in g  in unclean shear ing a c t io n .  The 
edges o f  these samples were honed in an at tempt to  
produce r e l i a b l e  specimens, but even so the e a r l y  
data reveal a s c a t t e r  In t e n s i l e  r e s u l ts  due to  
stresses  set up during punching.
Consequently, the p re p a ra t io n  procedure  
was changed to  one o f  g r in d in g  on a Tens i l  Grind mach­
ine.  Th is  machine uses a contoured g r in d in g  wheel 
tu rn in g  a t  about 3400rpm. The specimens, in ser ted  in 
a spec ia l  ho lder  ( f i g u r e  9)  a re  guided aga ins t  the  
g r in d in g  wheel by a contoured master template  a t tached  
to the h o ld e r .  To f u r t h e r  improve the ground edges.
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as well as to remove s c a le ,  the specimens were chem­
i c a l l y  po l ish ed .  i n i t i a l l y  s o lu t io n  1 and then 2 
( t a b le  2) were used but l a t e r  s o lu t io n  3 was employed; 
i t  is f a s t e r  and produces a b e t t e r  su r face .  ( I t  should 
be noted th a t  t h is  s o lu t io n  is ve ry  a c t iv e  when hot,  
and care has to  be exerc ised  aga inst  the foaming which 
re s u l ts  from continued use--due to  the almost exp los ive  
decomposit ion o f  the hydrogen p e ro x id e . )  Widths of  
the t e n s i l e  specimens were measured w i th  a micrometer  
w hile  the th ickness was measured w i th  a d ia l  gage 
(I 'O.OOOl"). The specimens as po l ished  u s u a l ly  va r ie d  
in th ickness  by about *  0 .0003"  but sometimes by as 
much as ^ 0 .0 0 1 " .  In a l l  cases the th ickness was 
taken as th a t  a t  the sect ion  o f  minimum area.
Micrography
In an attempt to  determine g ra in  s ize  
several e tchants  were in v e s t ig a te d .  N i t a l  (3% HNO^  in 
e th a n o l )  revealed some s t r u c t u r e ,  but the p r io r  
a u s te n i te  g ra in  boundaries were not revea led .  An 
etchant  o f  5 ml. n i t r i c  ac id  in 100 ml.  butanol with  
1 gram o f  benzalkonium c h lo r id e  (a w e t t in g  agent)  
added gave very  good co n tras t  in the m a r t e n s i t i c  
s t ru c tu re ;  b u t ,  aga in ,  the p r i o r  a u s te n i te  g ra in  
boundaries were not revea led .  The most s a t is f a c t o r y  
etchant f o r  rev e a l in g  p r i o r  a u s te n i te  g ra in  boundaries
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was found to  be 5 m l . h y d ro c h lo r ic  ac id  and 1 gm. o f  
p i c r i c  ac id  in 100 ml. o f  e th a n o l .  A l l  photomicro­
graphs in t h i s  th e s is  were etched w ith  t h i s  s o lu t io n .  
Quoted g ra in  s izes  were determined by comparison w ith  
standard ASTM c h a r ts ,  used a t  h igher  m a g n i f ic a t io n s .  
Since the g ra in  boundaries are not complete ly  c l e a r ,  
in many cases too small an ASTM num ber-- that  i s ,  too 
la rg e  a g r a in  s iz e - -h a s  probably  been d e r iv e d .
Impact Samples
Samples fo r  impact t e s t s  were machined and 
ground from stacked heat t r e a te d  s t r i p s  (950°C soaking 
f o r  i  sec. ) to  conform to  Charpy type A specimens. 
These were then placed in a ho lder  shown in f i g u r e  9.  
This  ho lder  separates and bends e a s i l y  in the plane  
o f  the s t r i p s  but not in any o t h e r .  To determine the 
e f f e c t  o f  the ho lder  on observed energy v a lu e s ,  s tand­
ard specimens o f  cast iron were te s te d  both in and out  
o f  the h o ld e r .  The d i f f e r e n c e  in va lues ( 0 .9  f t .  l b . )  
is assumed to  be due to  f r i c t i o n  in the ho lder  and 
has t h e r e f o r e  been subtracted from a l l  o th e r  r e s u l t s .
X - ra y  Specimens
Specimens f o r  x - r a y  d i f f r a c t i o n  s tud ies  
were cut from the pieces o f  sample th a t  remained a f t e r  
c u t t in g  the t e n s i l e  specimens.
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Sample Test ing
T e n s i le  specimens were te s te d  in an Instron  
U niversa l  t e s t i n g  machine using wedge a c t io n  jaws.
Due to  the warpage in the  samples some specimens did  
not p u l l  u n i a x i a l l y ;  but the number o f  these was sm all .  
Loads were measured w i th  standard D and GR In s tron  
load c e l l s ,  which were c a l i b r a t e d  before  use and 
rechecked a f te rw a rd s .  The la r g e s t  d e v ia t io n  from the  
beginning to  end o f  a t e s t  ( d r i f t  in c a l i b r a t i o n )  was 
less than 0,5% which could b a re ly  be read. Extensions  
were measured by the standard s t r a i n  gage extensometer  
which was c a l i b r a t e d  a g a in s t  a high p re c is io n  m ic ro ­
meter ( 2 / 1 0 0 , 0 0 0 " ) .  D r i f t  in t h i s  system reached 
±0.2% in 1" but t h i s  was not considered to  be s ign*  
i f  i c a n t .
i n i t i a l  r e s u l t s  were read from a load vs 
time graph, because a t  t h i s  time the extensometer was 
not o p e r a t io n a l .  A f i g u r e  approximating the y i e l d  
s t re n g th  can be read from these graphs since e lo n g ­
a t io n  is approx im ate ly  p ro p o r t io n a l  to  t im e .  When 
the extensometer became o p p e ra t io n a l  both loads and 
extens ions  were recorded by the x"y  recorder  and 
va lues  taken from t h i s  record .  Y ie ld  loads in t h i s  
case were taken as the load a t  0.2% o f f s e t  from the  
s t r a i g h t  l i n e  p o r t io n  o f  the curve.
Elongat ions were taken as the d i f f e r e n c e
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between the i n i t i a l  reading ( the  extension o f  the 
s t r a i g h t  l i n e  p o r t io n  o f  the curve to  zero load)  
and the po in t  o f  the curve where an abrupt f a l l  in 
load took p lace ,  Load-extension curves f o r  th is  
m a te r ia l  continue r i s in g  or  s tay  leve l  u n t i l  f r a c t u r e  
Is observed to begin c o in c id e n t  w i th  the abrupt f a l l  
in load. The above method o f  measurement o f  e long­
a t io n  is not according to  ASTM s p e c i f i c a t i o n s .  The 
values obtained w i l l  d i f f e r  from those obta ined by 
the standard method (measurement o f  gage marks w ith  
the specimen f i t t e d  to g e th e r  a f t e r  f a i l u r e )  due to  
two primary causes. The e l a s t i c  s t r a i n  is included  
in the s t r a i n  measured by our method and the s t r a i n  
ta k ing  place a f t e r  i n i t i a t i o n  o f  f r a c t u r e  is not in ­
cluded. The standard method introduces u n c e r ta in ty  
due to f i t t i n g  e r r o r s .  Th is  is s i g n i f i c a n t  when 
very  th in  samples such as ours must be f i t t e d  to g e th er .  
The two e r r o r s  w i l l  tend to  cancel each o th e r  and there*  
fo re  our r e s u l ts  should have a s i m i l a r  accurac y , to  the 
standard method, and were found to  be much more prec ise .  
Elongat ion could be s a t i s f a c t o r i l y  read to  ±0.2% 
e lo ng at io n  in 1'.'
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The r e s u l ts  ob ta ined  from the t e n s i l e  te s ts  
are given in ta b le s  3 to  17. These are then represented  
in f ig u r e s  11 to 37 and 58 to 63.
The data from the impact te s ts  and the  
x - r a y  a n a ly s is  are given in f i g u r e  46 and ta b le s  18 and 
19 r e s p e c t iv e ly .  F igures 51 to  57 are photomicrographs 
of  ty p ic a l  specimens.
F igure  11 shows on ly  u l t im a t e  s t re ngth  and 
f ig u re s  12 and 13 show on ly  u l t im a t e  s t re ngth  and y ie ld  
strength  beause the extensometer, a t  the time these re s u l ts  
were ob ta ine d ,  was not o p e r a t i o n a l .  F igures 14 to  43 
and 58 to  63 were ob ta ined  using the  extensometer w ith  
re s u l ts  being taken o f f  the lo ad -ex te ns ion  graphs.
F igures 17 and on were produced using ground 
t e n s i l e  specimens; and, as can be seen, the s c a t t e r  has 
been s u b s t a n t i a l l y  reduced. The remaining s c a t t e r  is 
p r i m a r i l y  due to  e r r o r s  in measurement o f  the th ickness  
o f  samples, measurement o f  soaking t im e ,  and through  
v a r i a t i o n  o f  the temperature du ing heat t r e a t i n g ,  
i t  can be seen th a t  the fo l lo w in g  p r o p e r t ie s  can be 
obta i ned
Treatment UTS YS Elongat ion
KSI KSI % in 1"
i  sec. 925°C 200 I 60 5
0 .12c
*Straight lines shown on the graphs do not necessarily indicate that a 
functional relationship exists.
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i  sec. 950°C 170 150 3 .5
1 min. 300°C
0.12C
i  sec. 950°C 158 140 2 .5
100 min. 300°C
0.12C
i  sec. 950°C 160 130 3 .5
0.07C
j  sec. 950°C 140 130 2 .5
100 min. 300OC
0.07C
A d u c t i l e / b r i t t l e  t r a n s i t i o n  temperature  
can be assessed e i t h e r  from the va lues o f  energy  
absorbed or  from f r a c t u r e  s u r face  appearance. The 
energy t r a n s i t i o n ,  as shown in f i g u r e  46 ,  occurs  
in the temperature range -20°C to  “70°C. The sample 
te s te d  a t  150°C has a rough surface  ( f i g u r e  49)  and 
the in d iv id u a l  sheets have necked. The o th e r  samples 
( f i g u r e  50) show almost no necking and a t y p ic a l  
cleavage f r a c t u r e  a t  about 4 5 °  is observed; t h e r e ­
f o r e ,  the t r a n s i t i o n  tem perature  determined by f r a c t u r e  
appearance l i e s  between 27°C and 150°C. The heat  
t r e a te d  m a te r ia l  had the same room temperature va lue  
as the m a te r ia l  in the a s - r e c e iv e d  c o n d i t io n  (ready  
f o r  d e l i v e r y  to  customers) .
The x - r a y  d i f f r a c t i o n  l i n e  breadths  
( t a b l e  19) are narrowest w i th  m a te r ia l  g iven the  
s h o r te s t  low temperature soaking t re a tm e n t .  This
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material has the smallest grain size and the highest tensile 
properties.
Figures 58 to 63 show that the cold worked material has 
lower strengths after quenching than annealed material.
UNIVERSITY OF WINDSOR LIBRARY
! 4724 Ï
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DISCUSSION
As can be seen on a l l  graphs r e l a t i n g  to
soaking t im e ,  the t e n s i l e  p ro p e r t ie s  have been improved
by a reduction in ho ld ing t im e .  This is to  be expected
20in th a t  on h e a t in g ,  n u c lé a t io n  o f  a u s te n i te  is f a s t ,
w h i le  growth is slow; t h e r e f o r e ,  w i th  a short soaking
time the a u s te n i te  g ra ins  are s m a l le r .  On quenching,
the g ra in  boundaries form an impenetrable b a r r i e r
r e s u l t in g  in sm al le r  m ar te n s i te  u n i t s .  According to
the modif ied  Fetch th e o ry ,  t h is  would re s u l t  in a
higher y i e l d  s t re n g th .
The increase in d u c t i l i t y  associated
w i th  t h is  h igher  s t re ng th  was complete ly unexpected.
Both may be a r e s u l t  o f  a decrease in a tendency to
cleavage f a i l u r e  w i th  a reduction in soaking time
(due to  a f i n e r  g ra in  s i z e ) .  Th is  is supported by
21the fo l lo w in g  equat ion which de f ines  a l i m i t i n g  
c o n d i t io n  f o r  the fo rm at ion  o f  a la rg e  crack from s l i p  
bands. When the l e f t  s ide  exceeds the r ig h t  a crack  
can grow c a t a s t r o p h i c a l l y  to f a i l u r e .
Oy Ky d= =  dATY
|8 =  I
~i surface energy
cry y i e l d  s trength
2d g ra in  diameter
shear modul us
Ky v a r i a t i o n  o f  y i e l d
stress w ith  g ra in  diameter
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A reduced g ra in  s iz e  w i l l  reduce the l e f t - h a n d  side  
o f  the equat ion and t h e r e fo r e  reduces the chance o f  
b r i t t l e  f a i l u r e .
I f  a g rea t  deal o f  scale  had formed on 
the specimen and i t  had th e r e fo r e  to be ve ry  h e a v i ly  
ch em ica l ly  po l ish ed - -an d  hence reduced in th ickn es s - -  
anomalous r e s u l ts  were observed.
Y ie ld  s trengths  p l o t t e d  aga ins t  g ra in  
s i z e ,  in f i g u r e  45 ,  show s u r p r is in g ly  l i t t l e  s c a t t e r  
in v iew o f  the d i f f i c u l t i e s  in determining g ra in  
s iz e .  Photomicrographs, f ig u r e s  51» 52 and 57 are  
t y p ic a l  o f  specimens given short  and long soaking 
t rea tm e n ts .  The d i f f i c u l t y  in determining p r i o r  
a u s te n i te  g ra in  s iz e  is obvious, but a d e f i n i t e  
d i f f e r e n c e  can be seen. The o p t ic a l  microscope 
w i l l  not reso lve  the width  o f  the m ar te n s i te  u n i t s .  
Besides t h i s ,  the  m idr ibs  o f  the u n i t s - - n o t  the  
edges --  are observed; and since there  may be un re ­
solved u n i ts  between the ones observed i t  would be 
unwise to  suggest th a t  the d is tan ce  between the ob­
served r ibs  is the width o f  a u n i t .
Comparing f ig u r e s  17 to  25 i t  is seen 
t h a t  both soaking time and temperature in f luence  
the t e n s i l e  p r o p e r t ie s .  At 875°C the maximum 
s t re n g th  has not been reached. Th is  is probably  
due to  incomplete s o lu t io n  o f  the carbon. At short
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times the s t re n g th s a t  925°C and 975^C are s im i la r  
but w i th  increas ing  t ime the s t re n g th  de c l ines  
f a s t e r  w i th  the 975^C soaking tem perature .  An 
unusual ly  high e lo n g a t io n  is observed when a short  
soaking t rea tm e nt  a t  925°C is used; t h i s  may be 
r e la t e d  to  the v e ry  narrow x - r a y  l i n e  widths observed 
w ith  t h i s  m a t e r i a l .  I t  might be th a t  under these  
co n d i t io n s  less d e fe c ts  are  formed in the s tee l  or  
t h a t  a s l i g h t l y  d i f f e r e n t  s u b s t ru c tu re  is formed.
Th is  change in e lo n g a t io n  was the on ly  mechanical  
p ro p e r ty  change th a t  could be assoc ia ted  w i th  the 
g re a t  change in x - r a y  l i n e  widths w i th  soaking  
tem p era tu re .  I t  would be expected th a t  the l i n e  
widths would be narrower f o r  the coarser  gra ined  
m a te r ia l  ( lo n g e r  soaking t im e)  but the converse is 
observed; t h is  is ve ry  d i f f i c u l t  to  e x p la in .
The v a r i a t i o n  o f  s t re n g th  w i th  carbon 
content  ( f i g u r e  47) is s i m i l a r  to  th a t  shown by 
McFarland ( f i g u r e  4 8 ) .  The d i f f e r e n c e  is presumably 
due to  the s m a l le r  g ra in  s iz e  o f  our m a t e r i a l .
The d u c t i l i t y ,  as measured by e lo n g a t io n ,  increases  
w ith  an increase in carbon c o n t e n t - - o r ,  perhaps 
i t  would be more a c c u r a t e  to  suggest th a t  i t  in ­
creases w i th  s t re n g th .  The p r o p e r t ie s  o f  the  
quenched m a te r ia l  can thus be v a r ie d  a g rea t  deal
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by a change in carbon co n te n t ,  even a t  these com­
p a r a t i v e l y  low carbon l e v e l s .  Since the maximum 
s t re n g th  th a t  can be produced by double reduction  
(c o ld  r o l l i n g )  is about 100 KSI and because the  
quenched m ate r ia l  w i th  0,05% or  more carbon has 
a minimum s trength  o f  150 KSI, in te rm e d ia te  va lues  
(between 100 and 150 KSI) i f  d e s ired  could be ob­
ta in e d  by tempering. Th is  would avoid the expensive  
product ion  o f  s te e ls  co n ta in in g  less  than 0.05% C.
Figure 44 shows the r e l a t i o n s h i p  between 
s t re n g th  and d u c t i l i t y  more e x p l i c i t l y :  po in ts  on
t h i s  graph represent a l l  samples o f  0.12% C quenched 
from 8750c or above- - te m p e red or no t .  Normally ,  
e lo n g a t io n  is expected to  f a l l  as s t rength  increases,  
but here the converse Is observed. The low d u c t i l ­
i t y  o f  samples given long soaking times might be 
a t t r i b u t e d  to  d e c a r b u r i z a t io n ,  but d e c a rb u r iz a t io n  
could not be found e i t h e r  by microexamination or  ^
by microhardness t ra v e rs e s  across the sample. Fur ther ,  
d u c t i l i t y  would normally  be expected to  increase  
w ith  an increase in d e c a r b u r i z a t io n :  hence in samples 
given long soaking times we would expect to  observe  
an increase in d u c t i l i t y ,  r a th e r  than the oppo s i te .
The tempered samples show the same concurrent in ­
crease o f  s trength  and d u c t i l i t y  and here the soak­
ing time is constant .  Th is  could be observed both
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when comparison was made w i t h in  one group o f  samples 
given the same t rea tm en t ,  and when groups given  
d i f f e r e n t  tempering treatments were compared. I t  
appears th e r e fo r e  th a t  the r e la t io n s h ip  is p r im a r i l y  
between e lo n g at io n  and s t re n g th ,  the higher e longat ion  
avoid ing premature, b r i t t l e  f a i l u r e .  The in te rm ed ia ry ,  
which causes the change in both s trength  and e longat ion  
is presumably the g ra in  s i z e ,  but some o ther  s t ru c tu ra l  
f e a tu r e  may be associated w i th  the tempering r e s u l ts .
No age hardening could be observed in
samples held e i t h e r  a t  room temperature or at  100°C.
Since a minimum o f  two hours elapsed between the
time a specimen was quenched and p u l le d ,  aging, which
13
has been reported by o th e rs ,  could have taken place  
during t h i s  t im e ,  reaching a constant va lue  p r io r  
to any t e s t .
During tempering, s trength  was found to  
decay e x p o n e n t ia l l y  w ith  t im e ,  but again ,  e longat ion  
decreases w i th  decreasing s t rength  as was mentioned 
e a r l i e r .  Normally ,  e longat ion  increases w ith  temp­
er ing  although McFarland^^ a lso reported a decrease 
in e lo n g a t io n  due to  tempering (up to  300°C).  The 
r e s u l t  o f  tempering on the m ic ro s t ru c tu re  is shown 
In f ig u r e s  53 to  56 . These m icros t ru c tu res  could  
not be d i f f e r e n t i a t e d  from those obtained by standard  
t reatments  o ther  than by the f i n e  g ra in  s iz e .
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The r e s u l ts  show th a t  Increased s t rength  
in the as-quenched c o n d i t io n  is associated  w ith  b e t t e r  
d u c t i l i t y ;  and a lowering o f  s t re n g th ,  during temper­
ing,  is assoc ia ted  w i th  lower d u c t i l i t y .  W hile  n e i th e r  
o f  these sets o f  circumstances is common in the r e l ­
a t io n s h ip s  o f  p r o p e r t ie s  o f  h igher -carbo n  s t e e l s ,  
some r a t i o n a l i s a t i o n  is p o s s ib le .
F i r s t ,  the shape o f  the sample involved  
in the t e n s i l e  t e s ts  in t h i s  work is one in which 
a lack o f  d u c t i l i t y  may cause premature f a i l u r e ,  
and hence p o te n t ia l  s t re n g th  is not a t t a i n e d .  I t  
is d i f f i c u l t  to  su s ta in  t h i s  co n ten t ion  w i th  quant­
i t a t i v e  d a ta ,  because most work th a t  r e la t e s  d u c t i l ­
i t y  and s t re n g th  has been performed on c i r c u l a r  
s e c t io n  samples; but the  q u a l i t a t i v e  t r u t h  o f  the  
c o n te n t io n  to  some e x te n t  is demonstrated by the  
lower f ig u r e s  f o r  e lo n g a t io n  th a t  p e r t a in  to  s t r i p  
samples.
Hence i t  is not unreasonable to  suggest 
th a t  any s t r u c tu r a l  f e a tu re s  in samples o f  t h i s  s o r t ,  
which enhance d u c t i l i t y  w i l l  probably  be r e f l e c t e d ,  
a ls o ,  in an improved s t re n g th .  The s t r u c t u r a l  f e a ­
tu re  t h a t  o f f e r s  improved d u c t i l i t y  in samples th a t  
are  soaked f o r  short  times is ,  most probab ly ,  the  
smal1 g ra in  s i z e .
During temper ing,  the g ra in  s iz e  i s ,  o f
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course,  not a f f e c t e d .  But, among the compbxit ies of  
the tempering process, a loss o f  d u c t i l i t y  a t  low 
tempering temperatures is not uncommon. The reasons 
f o r  t h i s  e f f e c t  have been the su b jec t  o f  many in ­
ve s t  ig a t  ions, but no complete ly  s a t i s f a c t o r y  con­
c lu s io ns  have been made. Since i t  is not the pur ­
pose o f  t h i s  th e s is  to  in v e s t ig a te  the m a t te r ,  we 
must be content  to  observe th a t  the reduct ion  o f  
d u c t i l i t y  a t  low tempering temperatures is demon­
s t r a t e d  in the low carbon s t e e ls  in v e s t ig a te d .
The lower ing o f  d u c t i l i t y  a f f e c t s  the  
u l t im a t e  t e n s i l e  s t re n g th  much more than i t  a f f e c t s  
the y i e l d  s t re n g t h .  Th is  is co n s is te n t  w i th  p r e ­
d i c t io n s  t h a t  might be made from Crussard 's  equa­
t i o n ! ^  set  down on page 6:  quenched-in s tresses
are r e l i e v e d ,  p r e c i p i t a t i o n  o f  carb ides is i n i t i a t e d .  
Hence a lowering  o f  the y i e l d  s t re ss  is to  be an­
t i c i p a t e d  but i t  w i l l  not be la r g e .
The decrease in e lo n g a t io n  as a r e s u l t  
o f  tempering may be assoc ia ted  w i th  blue b r i t t l e ­
ness. I t  is i n t e r e s t i n g  th a t  the 0.12C m a te r ia l  
tempered a t  300°C had g r e a te r  e lo n g a t io n  than th a t  
tempered a t  200°C, w h i le  the reverse was t ru e  o f  
the 0 . 07c m a t e r i a l .  I t  is b e l ie v e d  th a t  on ly  the
0 . 12c m a te r ia l  is blue b r i t t l e ,  w i th  the maximum 
b r i t t l e n e s s  being observed when temperatures near
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200°C are used in tempering. The loss in d u c t i l i t y  
w ith  temperature in the o ther  cases is ascr ibed to 
the r e la t io n s h ip  which we found to  e x i s t  between 
s trength  and d u c t i l i t y .  This is supported by the 
way the po in ts  on f i g u r e  44, from tempering r e s u l ts ,  
f a l l  on the same l i n e  as the points  obta ined from 
the as-quenched m a t e r ia l .
I t  can be seen th a t  the response to  heat  
t reatment o f  the 0.07C m ate r ia l  is s im i la r  to  th a t  
o f  the 0.12C m ate r ia l  ( f ig u r e s  29 to  3 7 ) .  The 
s t ru c tu re  in f ig u r e  56 in d ica tes  th a t  the gain in 
strength  w ith  short soaking times in the 0.07C m ater ­
ia l  may be associated w ith  a small g ra in  s iz e  as 
w e l l .  Th is  sample has been tempered--but t h i s  w i l l  
not,  o f  course,  change the p r io r  a u s te n i te  g ra in  s iz e .  
The g ra in  boundaries are however more e a s i l y  v i s i b l e .
The A3 temperature o f  t h is  m ate r ia l  is 
about 90QOC— which causes the step in f ig u r e s  29 
to  3 4 . On the low side o f  t h is  temperature the 
m a te r ia l  is simply annealed and th e r e fo re  i t s  strength  
is low and d u c t i l i t y  high. Above 900°C a u s te n i te  
is obta ined on hea t in g ,  and t h e r e f o r e ,  m ar ten s i te  is 
produced on quenching: t h is  re s u l ts  in the stronger
s t r u c tu r e .  W ith in  the range 850-900°C re s u l ts  are 
u n p re d ic ta b le ,  because o f  in e v i t a b le  v a r ia t io n s  
in composit ion which re s u l ts  in a mixed s t ru c tu re .
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Since the time during which annealing can take place  
is less in f ig u r e s  29 to  31 the va lues are more 
c h a r a c t e r i s t i c  o f  a cold r o l l e d  m a te r ia l  than those 
in f ig u r e s  32 to  34. The t e n s i l e  p ro p e r t ie s  va ry  
in the same manner w ith  t ime a t  temperature ( f ig u r e s  
35 to  3 7 ) ,  when a m a r t e n s i t i c  s t ru c tu re  is produced,  
and f o r  the same reasons, as the 0 . 1 2C m a t e r i a l .
There is no standard method o f  d e t e r ­
mining impact va lues f o r  t h i s  th in  sheet m a t e r i a l .  
Notched t e n s i l e  specimens in d ic a te  notch s e n s i t i v i t y ,  
but the e f f e c t s  o f  high s t r a i n  ra te  are not accommo­
dated. We th e r e fo re  devised the experimental method 
described in an e a r l i e r  s e c t io n ,  to  assess a d u c t i l e /  
b r i t t l e  t r a n s i t i o n  temperature .  The r e s u l ts  obta ined  
by t h is  method have been ve ry  encouraging, although  
each specimen requ ires  near ly  a week to  complete. I t  
must be remembered, th a t  these r e s u l ts  are on lv  
comparable w i th in  and the numerical values
should not be compared to  such standard c r i t é r a  as the 
15 foot-pound d u c t i l e / b r i t t l e  t r a n s i t i o n .  The stress  
system at  the notch is q u i te  d i f f e r e n t  from th a t  in the 
standard Charpy or Izod sample, due to  the d i s c o n t in ­
u i t i e s  between lam inates .
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The i n i t i a l  co n d i t io n  o f  the m a te r ia l  given  
short  soaking has a la rg e  e f f e c t  on the r e s u l t a n t  pro­
p e r t i e s .  The use o f  a p r e l im in a r y  soak a t  950°C f o r  
30 seconds be fo re  rapid heat t r e a t i n g  leads to  less  
s c a t t e r  in the s trength  o f  the m a te r ia l  but the d u c t i l i t y  
is much less ( f i g u r e s  26 to  2 8 ) .  I f  a cold worked 
m a te r ia l  is used, much lower s trengths  are  r e a l i z e d  
( f ig u r e s  58 to  8 3 ) .  This might be co rrec ted  by a 
p r e l im in a r y  soak a t  annea l ing temperatures be fo re  the  
f i n a l  rap id  hea t in g  to  a u s t e n i t i z i n g  temperatures.
There is a p o s s i b i l i t y  th a t  the cold worked m a te r ia l  may 
not have been f u l l y  quenched due to  i t s  g r e a t e r  i n i t i a l  
th ickness (0 .0097  compared to  0 .0 0 7 7 ) .
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SUMMARY AND CONCLUSIONS
(1)  E longat ion v a r ie s  d i r e c t l y  as u l t im a t e  
strength  increasing to  5% in 1" at  200 KSI 
in the  0.12C s t e e l .
(2 )  Grain s iz e  v a r ie s  directly as soaking t im e,  
ASTM #13 being produced w ith  times less  
than 0 .5  second.
(3 )  Strength v a r ie s  in v e rs e ly  as soaking time  
increas ing to  200 KSI f o r  0 . 1 2C and 165 KSI 
f o r  0 . 07c w ith  times less than ^ second.
(4 )  The notch d u c t i l i t y  o f  the heat t r e a te d  
stee l  is d i f f i c u l t  to  assess and the  
r e s u l ts  suggest the necess i ty  f o r  f u r t h e r  
w ork ,
(5 )  Tempering re s u l ts  in reduced t e n s i l e  
proper t  i e s .
(6 )  The 0 . 12c s te e l  tempered a t  200°C is 
embr i t t l e d .
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SUMMARY AND CONCLUSIONS (CONT'D)
(7 )  Short soaking times g ive  the narrowest 
x - r a y  l i n e s ,  p a r t i c u l a r l y  when low soaking 
temperatures are employed,
(8 )  The use o f  cold worked stee l  does not lead 
to as d e s i ra b le  t e n s i l e  p ro p e r t ie s  as can 
be obtained from annealed m a t e r i a l .
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APPENDIX
Because t h is  p r o je c t  involves economic 
considerat ions  i t  is a p prop r ia te  to  make a b r i e f  an a lys is  
o f  the costs o f  the p ro je c t  i t s e l f .
CAPITAL COSTS
HEAT TREATING APPARATUS
RECORDER $2400
HOIST 280
HEAT TREATER 335
BATTERIES CHARGER ETC. 575
WATER PUMP 225
TENSILGRIND MACHINE ]250
$5065
OPERATING COST (per sample)
WATER
WITH WATER COOLED RESISTOR 100020^/1000 2f  
WITHOUT WATER COOLED RESISTOR 0 .0 4
ELECTRICITY
PUMPING WATER TO 70 PS I 0 .10
VACUUM PUMP 0 .08
HEAT TREATING
HEATING 2000A at  24V 15wh01d/kwh 0.01
HOLDING 5OA at  24V lOwhOld/kwh 0.01
GRINDING 
TENSILE TESTING 
MISCELLANEOUS
CONSUMABLES
GAS ( He/Hp in e r t  atmosphere) $43/330 cu. f t .  20.0  
CHEMICAL POLISHING SOLUTION 10.0
GRINDING WHEELS 3.0
MOST SAMPLES 34f
EARLY SAMPLES 36(
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Table 1 
Element Sample
13267 18439 69427 54317 87180
c 0 .10 0 .0 6 0 .1 2 0.07 0.115
p 0.013 0 .008 0.005 0 .05
Mn 0.38 0 .37 0 .3 8 0 .3 9 0 .38
S 0.019 0 .023 0 .009 0.012
Si 0.01 0.01 0.01
Cu 0.08 0.11 0 .0 4
Ni 0.03 0 .0 3 0 .0 2
Cr 0.01 0.01 TRACE
Sn 0.01 0.01
Mo 0.01 0.01 TRACE
N? 0.0035 0.01 0 .003
Cb 0 .004
V 0.005
A1 TRACE
As 0 .0 0 4
Table 2 CHEMICAL POLISHES
Solu t ion  Composition
1 25% HF (48-50%)
10% HNOg
65% HgO^
2 500 gms CrO%
150 cc H2SO4 
H2O to make 1 1 i t r e
60 cc HgPO^ 
40 cc HoOo 
40 cc HF
( 30%)
(48-50%)
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T a b l e  3 DATA FOR FIGURE 11
Sample UTS TIME
KSI SEC.
1 138 2 .0
2 113 6 .0
11 97 20 .0
15 161 0 . 4
16 168 0 .2
19 163 0 .6
21 109 3 .0
22 140 3 .2
23 121 6 .0
24 131 7 . 0
Table 4 DATA FOR FIGURES 12 & 13
Sample UTS YS TIME
KSI KSI SEC.
1 133 110 1
4 107 97 4
5 118 104 4 .5
6 105 90 5
7 118 111 6
8 116 102 6
9 101 84 7
10 108 105 8
11 97 82 9
12 98 90 10
13 101 93 11
14 115 - 12
15 98 80 13
16 93 78 14
19 107 96 16
20 106 90 17
21 98 91 18
22 94 - 19
24 90 80 21
25 101 88 22
26 91 78 23
27 97 90 24
28 99 80 25
29 99 73 26
30 99 93 30
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Table  5 D A IA -/.ÛR-..F.1 GUR£,S„ ,14 ...
SAMPLE UTS YS ELONG. TIME
KSI KSI % in 1" SEC.
52 159 1 24 3 .0 3
53 152 105 2 .9 1
55 150 147 0 .8 ?
57 175 157 1.3 3 /
58 158 146 1.5 2
59 164 127 3 . 0 l i
60 185 150 2 .5 2
61 153 111 2.7 5
63 152 - 3 .5 5
64 147 - 6 .0 10
65 140 1 24 4 . 6 15
66 178 146 3 . 2 20
67 182 146 2 .0 20
69 187 145 2 .8 3
70 182 153 2.3 1
71 194 165 2.1 i
72 182 162 1 .5 4
73 187 154 2 .6 3 /
75 182 153 2 .8 2
76 180 153 2.5 3
78 183 165 2.8 5
79 186 155 2.2 7
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Table 6
UTS YS ELONG. TIME
KSI KSI % in 1" SEC.
156 130 1.3 32160 136 1.8 30
160 140 2 . 4 45
161 136 1.7 30
134 125 1 .0 30
129 118 1.1 30
138 120 1.7 24
142 123 1.7 21
152 128 1 .7 21
148 120 2 .6 23
148 123 1.5 14
153 131 1.7 12
176 139 3 . 4 1 1
169 135 2.7 1
183 150 3 .5 1
176 144 2 .8 1
187 154 1.8 i
167 135 2.5 1
156 134 3 .0 .75
183 147 3 .6 .7
186 139 4 .5 .5
184 150 2 .6 .7
201 168 4 . 0 .7
198 169 4 .3 .4
196 163 3 .0 .3
203 156 4 . 2 .25
202 158 4 , 0 .25
205 163 4 . 0 .4
194 155 3.7 .17
197 162 4 .2 .15
183 151 2.7 .8
156 1 24 2.3 9
130 1 20 1.5 9
145 113 2 .4 4
158 113 2.8 4
164 133 2 .8 5
159 130 2.1 7.5
154 131 2 .6 3
171 146 2 .3 2
173 140 3 .0 2
172 142 3 .2 1.7
156 146 2 .2 1.5
157 141 2 .4 1.3
159 145 2 .8 1.3
164 140 2.5 1.3
161 142 2.3 1.1
155 120 2.1 .9
176 140 3.7 1
182 144 2 .8 1
167 140 2 .9 1
185 155 3 .3 .75
167 132 3.5 1.3
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T a b l e  7 925C SAMPLE 6 9 4 2 7
UTS YS ELONG. TIME
KSI KSI % in 1" SEC.
169 148 3.2 31
171 148 2.3 30
167 144 2.0 30
163 141 1.4 30
171 145 2.1 25
161 135 3.0 25
168 142 1 .8 25
171 125 3.3 25
167 137 2.2 20
155 127 2 .0 20
171 137 1 .9 15
179 149 3.3 12
167 133 3 .4 10
176 138 3.5 10
168 138 3 .0 9
177 144 3.8 9
172 127 3.0 8
175 -  -  - 4 .0 7
176 136 4 .0 7
180 146 3.3 6
175 132 4 .0 6
167 133 3 . 4 6
183 147 3.3 6
175 150 2.7 5
178 147 3.5 5
185 156 2.8 3
177 153 1 .7 2.5
203 167 4 .3 2.5
187 155 2.8 2
184 146 4 .0 2
193 147 3 .0 1 .5
192 155 3.3 1 .5
198 162 3 . 4 1 .5
191 149 4 .0 1.1
183 134 3.2 1
188 139 3.6 1
185 160 4.5 1
186 140 4 .2 1
206 167 4.7 1
198 158 5 .4 1
201 154 4 .0 .75
183 148 2.2 .75
198 151 4 .6 .75
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T a b l e  7 ( C o n t ' d )
UTS YS ELONG. TIME
KSI KSI % in 1" SEC.
185 150 3 .2 0 .6
199 153 3 .4 0 .5
200 152 4 .8 0 . 4
193 154 4 . 0 0 . 4
195 153 5 .2 0 . 4
186 -  -  - 4 .5 0 .3
194 156 4 .0 0 .25
197 150 5 .0 0 .2
192 151 4 .0 0 .15
185 154 3 .5 0.1
198 148 5 .3 0 .08
Table 8
UTS
KSI
170
187 
165
165 
177 
183
177
178
167 
180
166
168 
191 
166 
163
188 
178 
187 
151 
197 
180 
184 
189 
181
8750 SAMPLE 694-21
YS
KSI
137
164
122
124
143
146
129 
1 29 
1 20
134
135 
135 
143
130 
133 
130
137 
130 
1 26 
152
147 
127
138 
171
ELONG.
% in 1"
1 .6 
2 . 2  
2 . 0  
1 .9 
2 . 0
2 . 4  
2 .6
3 .0
3 .7
3 . 4  
2 . 2
4 . 0
3 . 4
3.1
3 .3
5 .0
3 .0
4 .3
2.7
4 .2
2.5
3 .7
4 .0
2.7
TIME
SEC.
55
40
35
27
20
20
14
10
4
4
3
.7
.5
.4
.4
.35
.3
.3
.3
.25
. 2
. 1
.09
.3
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T a b l e  9 800C  SAMPLE 6 9 4 2 7
UTS YS ELONG. TIME
KSI KSI % in 1" SEC.
137 1 10 2 .2 1
148 82 8 1
145 108 5 .5 1
161 115 3 .7 1
145 103 1.8 30
170 143 1.3 30
Table 10 AS RECEIVED. SAMPLE 69427
UTS YS ELONG.
KSI KSI % in 1"
60 56 28
61 57 30
66 66 33
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Table 11 Tempering resu l ts  Samole. 6.942.7
(Note:  Each f i g u r e  represents the average of
10 r es u l ts )
T empering 
Temperature
Room
TIME
m i n.
UTS
KSI
YS
KSI
ELONG.
% in 1"
Temperature 120
43.000
90.000
195.4±4 .0
19 4 .9 *4 .0
199 .6 *10 .7
162 .8 *3 .5
163 .6 *4 .3
16 3 . 7 *3 .6
4 . 3 * 0 .6 
4 . 6 * 0 .8  
4 . 4 * 0 . 4
100°C 10
100
1000
10000
50000
193 .5 *2 .8
1 8 9 .1 * 2 .4
1 7 8 . 4 *5 .4
17 2 .2 *6 .2
182 . 6 * 3 .0
160 . 0 * 2.1 
15 6 .7 *3 .5  
15 1 .4 *4 .4  
15 3 .3 *3 .5  
154 .0 *6 .0
4 . 7 * 0 . 7  
4 . 4 * 0 . 5  
4 . 4 * 0 . 5  
4 . 1 * 0 . 7  
3 . 8 * 0 . 5
200°C 1
10
100
1000
172.6*2 .1  
165.5*4 .1  
160. 2* 1.5 
150 .2 *4 .6
154 .0 *3 .3  
146 .3 *8 .2  
146 .1 *3 .6  
136 . 1* 10.8
2 . 4 * 0 . 4  
2 . 3 * 0 . 7  
1 . 9 * 0 . 4  
1 . 9 * 0 . 5
300OC 1
10
100
1000
172.2*5 .1  
162.2*3 .1  
153.6*1 .4  
148.8*4 .1
149 .1 *4 .0  
145 .4 *4 .6  
145 .8 *1 .8  
138 . 1* 6.6
3 . 6 * 0 . 4  
2 . 5 * 0 . 7  
2 . 5 * 0 . 5  
1 . 9 * 0 . 3
Table 12 Tempering re su l ts  Sample 54317
Temper i ng 
Temperature
TIME 
mi n .
UTS
KSI
YS
KSI
ELONG.
% in 1"
Room
Temperature 48,000 159 .9 *5 .9 138 . 8* 6 .2 3 . 1 * 0 . 7
1 OO^ C 100
10000
30000
50000
15 4 .2 *4 .7  
153 .8 *1 .9  
149.4*9 .1  
152 .2 *2 .8
13 7 .6 *6 .0
13 4 .5 *3 .2
132.2*6 .1
13 6 .3 *2 .8
3 . 2 * 0 . 7  
3 . 7 * 0 . 4  
2 . 5* 0 .4  
2 . 9 * 0 . 3
20QOC 100 139 .3 *2 .8 1 3 1 . 2* 2.8 2 . 7 * 0 . 3
300°C 100 141 .2 *13 .0 130 . 8* 11.2 1 . 8 * 0 . 5
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TABLE 13 
SAMPLE
DATA FOR FIGURES. 2 6 ,27 .28
UTS YS ELONG. TIME
KSI KSI % in 1" SEC.
1 178 146 2.0 -5
4 200 162 3 .0 .5
5 190 160 3 . 0 .5
6 184 166 1.3 .5
7 191 170 3 . 2 .5
8 190 158 1.7 1
9 187 157 2.3 2
10 180 160 2.1 3
11 176 143 3 . 0 3 .5
12 183 145 2 .5 4
13 178 140 2.8 5
14 178 148 2.1 5
15 177 143 2.5 5
16 175 145 1.8 5
18 185 143 2 .5 5
19 180 137 2 .6 5
20 179 146 2 . 4 5
21 191 159 3 . 2 .5
22 189 162 2 . 4 .75
24 182 169 1 .9 5
25 175 143 1.5 5
26 180 167 1.8 10
27 170 132 2.7 10
29 173 - 1 .0 10
30 181 146 2.1 10
31 174 141 2 .3 5
32 182 151 1 .8 5
33 189 166 1.8 5
34 121 98 .5 9 . 7 20
35 130 82 7.1 15
37 105 75 5 . 8 30
38 163 134 1 .7 15
39 180 149 2 .3 10
40 180 147 2 .3 10
41 182 155 2 .6 5
44 150 121 1 .4 15
45 156 113 4 . 3 30
46 147 137 5 .8 10
47 165 141 1.6 20
48 180 158 1 .7 5
49 151 138 1.6 25
50 178 145 2.7 5
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T a b l e  14 45 S e c .  SAMPLE 5 4 3 1 1
Temperature UTS YS ELONG.
KSI KSI % in 1
780 114 74 .5 8 .7
785 96 59 9 . 6
800 96 67 8.1
810 105 73 8 . 0
815 107 71 10.1
830 118 78 8 . 0
835 118 86 7 . 6
835 1 26 91 5 .0
840 117 102 2 .0
850 112 100 4 .5
850 116 89 5 . 0
855 145 116 5 .6
860 131 119 2 .8
865 158 137 3 .3
870 160 136 4 .5
875 162 131 4 .0
875 136 103 4 .6
880 127 109 4 .0
890 136 118 2.8
890 125 109 3 .5
895 128 93 4 .8
900 161 142 4 .2
910 165 146 3 . 6
915 162 141 2 .6
920 161 141 3 .0
925 158 137 3 .3
930 171 153 4 . 0
930 164 138 3 .5
955 152 136 2.8
960 152 136 2.7
960 166 138 4 . 6
970 167 141 4 .6
970 156 132 3 . 2
970 168 140 5 .5
1000 150 130 4 . 0
1010 157 139 3 .0
1010 171 149 4 . 2
1050 161 135 5 . 0
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T a b l e  15 30 S e c .  SAMPLE 5 4 3 1 2
Temperature UTS YS ELONG.
°C KSI KSI % in 1"
760 99 52 6 .5
770 108 71 2.9
790 106 59 10.1
800 124 85 4 .3
805 106 67 9 .7
820 107 60 8 .0
830 126 83 5 . 4
840 100 56 8 .8
850 141 116 1 .7
850 119 75 6 .8
860 158 122 3 .0
870 147 115 3 .0
875 159 121 3.7
890 124 100 2.8
900 151 123 4 .0
915 155 124 3 .2
930 150 118 3.1
930 129 92 2.9
930 136 121 1 .4
950 141 — - 2.5
960 125 55 2.6
990 138 110 2 .0
1050 144 132 2.8
1090 121 93 2.0
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Table 16 950°C Sample, .54312
TIME UTS YS ELONG.
SEC. KSI KSI % in 1
.15 166 138 4 . 8
.25 172 151 4 .6
.5 154 129 4.1
.5 162 136 3.1
.5 158 133 3 . 4
1 143 115 4 . 0
1 160 134 3 .6
1 165 138 5 .0
2 159 132 3 . 4
2 166 138 4 .0
2 168 138 4 .4
4 145 125 3 .5
4 149 128 3 .7
4 155 -  -  - 4 . 0
4 145 119 4 .0
8 149 128 4 .5
8 143 117 3 .2
8 148 117 4 .5
16 123 100 2.3
16 144 1 20 4 .0
16 152 117 3.9
16 150 1 24 2.0
16 152 126 2.8
16 153 128 3 .3
30 116 78 2 .2
30 143 119 3 .0
30 131 122 1.6
40 152 137 3.5
40 145 127 3.5
50 167 137 3 .9
50 168 139 3 .5
50 163 140 3 .3
60 155 133 2 .0
60 131 118 1.1
70 122 116 0 .8
70 136 116 1.7
70 109 107 0 .9
80 136 128 0 .9
80 151 140 1.5
90 119 105 1.3
90 118 113 1.0
165 131 114 2.0
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T a b l e  17 C o l d  W o r k e d  SAMPLE 8 7 1 8 0
Temperature TIME UTS YS ELONG.
°C SEC. KSI KSI % in 1
875 0 .1 2 130 110 2 .0
875 0 .1 2 1 20 87 4 .0
875 0 .12 132 109 5.5
875 0 .1 2 102 84 2.3
875 0 .1 2 134 112 2 .2
875 0 .3 123 109 3 .2
875 0 .3 121 92 3 .2
875 0 .3 152 121 3.7
875 0 .3 127 97 3.7
875 0 .3 137 100 4 . 8
875 0 .3 155 112 6 . 7
875 0 . 3 133 111 4 . 0
875 0 .7 154 1 22 4 . 0
875 0 .7 141 100 3 . 4
875 0 .7 142 111 3 .6
875 0 .7 141 116 3 . 4
875 0 .7 151 120 3.5
875 1 .5 134 108 3 .2
875 1 .5 134 115 3 .5
935 0 .12 181 160 3 .5
935 0 .12 168 147 2 .5
935 0 .12 169 121 4 .6
935 0 .12 161 117 3 .2
935 0 .1 2 164 136 3.3
935 0 .12 169 123 3.8
935 0 .1 2 166 111 3 .9
935 0 .3 173 129 3.6
935 0 .3 159 126 3 .0
935 0 .3 175 130 4 .0
935 0 .3 160 137 3 .6
935 0 .3 166 132 4 . 0
935 0 .3 138 123 3.1
935 0 .3 140 118 3.3
935 0 .3 162 133 3 .0
935 0.7 165 137 2 .9
935 0 .7 168 132 4 . 0
935 0.7 160 127 3 .9
935 0 .7 142 113 5 .2
935 0 .7 174 147 4.3
935 1 .5 157 1 26 4 .0
935 1 .5 141 110 4.1
935 1 .5 167 1 26 5 .5
935 1 .5 137 118 3 .2
935 1 .5 162 1 28 4.1
935 1 .5 111 87 5 .0
935 1 .5 185 1 24 3.5
935 1 .5 130 11 2 1 .7
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TABLE 18 IMPACT TESTS
AS !RECE IVED 16.0 f t . lbs .
NORMAL 1ZED 25.7 f t . lbs .
150 C 15.1 f t . lbs .
27 C 14.3 f t . 1 bs.
-20 C 15.3 f t . lbs .
-70 C 8 . 5 f t . 1 bs.
TABLE 19 X-RAY LINE WIDTHS 
SAMPLE TREATMENT 
59 1 Sec. 910 C
73 25 Sec. 920 C
96 30 Sec. 950 C
139 .15sec.  950 C
150 4 Sec. 900 C
227 i  Sec. 950 C
200 C 10 Min,
LINE
110
200
211
110
200
211
110
200
211
110
200
211
1 10 
200 
211
110
200
211
WIDTH (O)
.320
.415
.565
.443
.830
.910
.467
.762
.905
.318
.695
. 762
.438
.667
.762
.390
.523
.619
*  Width h a l f  way between peak and background
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Figure 49 IMPACT SAMPLE CROSS SECTION OF ONE LAMINA 
150°C
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Figure  50 IMPACT SAMPLE CROSS SECTION OF ONE LAMINA 
27°C
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Figure 51 SPECIMEN GIVEN SHORT SOAKING TIME 
0 . 1 2C X 1400
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F ig ure  52 SPECIMEN GIVEN LONG SOAKING TIME 
0 . 1 2C X  1400 
(SEE ALSO FIGURE 57)
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F ig u re  53 SPECIMEN TEMPERED AT 300°C FOR 1 MIN, 
0.12C X 1400
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IFigure  54 SPECIMEN TEMPERED AT 300°C FOR 10 MIN 
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F igure  55 SPECIMEN TEMPERED AT 300°C FOR 100 MIN. 
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F igure  57 SPECIMEN GIVEN LONG SOAKING TIME SHOW 
HUGE GRAINS THAT CAN DEVELOP 
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